Genome analysis shows Bacillus axarquiensis is not a later heterotypic synonym of Bacillus mojavensis; reclassification of Bacillus malacitensis and Brevibacterium halotolerans as heterotypic synonyms of Bacillus axarquiensis
Bacillus axarquiensis and Bacillus malacitensis were previously reported to be later heterotypic synonyms of Bacillus mojavensis, based primarily on DNA-DNA relatedness values. We have sequenced draft genomes of Bacillus axarquiensis NRRL B-41617
T and Bacillus malacitensis NRRL B-41618 T . Comparative genomics and DNA-DNA relatedness calculations showed that while Bacillus axarquiensis and Bacillus malacitensis are synonymous with each other, they are not synonymous with Bacillus mojavensis. In addition, a draft genome was completed for Brevibacterium halotolerans, a strain long suspected of being a Bacillus subtilis group member based on 16S rRNA similarities (99.8 % with Bacillus mojavensis). Comparative genomics and DNA-DNA relatedness calculations showed that Brevibacterium halotolerans is synonymous with Bacillus axarquiensis and Bacillus malacitensis. The pairwise in silico DNA-DNA hybridization values calculated in comparisons between the three conspecific strains were all greater than 92 %, which is well above the standard species threshold of 70 %. While the pairwise in silico DNA-DNA hybridization values calculated in comparisons of the three conspecific strains with Bacillus mojavensis were all less than 65 %. The combined results of our genotype and phenotype studies showed that Bacillus axarquiensis, Bacillus malacitensis and Brevibacterium halotolerans are conspecific and distinct from Bacillus mojavensis. Because the valid publication of the name Bacillus axarquiensis predates the publication of the name Bacillus malacitensis, we propose that Bacillus malacitensis be reclassified as a synonym of Bacillus axarquiensis. In addition, we propose to reclassify Brevibacterium halotolerans as a synonym of Bacillus axarquiensis. An amended description of Bacillus axarquiensis is provided.
Bacillus axarquiensis and Bacillus malacitensis were originally described by Ruiz-García et al. (2005) , after they were discovered in a survey for novel surfactants, using a drop collapse assay. They were subsequently declared later heterotypic synonyms of Bacillus mojavensis by Wang et al. (2007) , based on DNA-DNA relatedness studies and high similarities in the DNA gyrase subunit B. Our laboratory has recently been working on whole genome sequencing of type strains in the Bacillus subtilis group to resolve phylogenetic inconsistencies (Dunlap, 2015; Dunlap et al., 2015) . Using this phylogenomic approach, our laboratory recently reported that Bacillus velezensis was incorrectly identified as a synonym of Bacillus amyloliquefaciens (Dunlap et al., 2016) . These findings suggested we take a closer look at the phylogeny of Bacillus malacitensis and Bacillus axarquiensis.
Brevibacterium halotolerans was originally described by Delaporte & Sasson (1967) , after it was isolated from arid soil in Morocco. It has been known for a long time that Brevibacterium halotolerans was likely misidentified and was probably a species of the genus Bacillus, based on 16S rRNA gene sequence analysis (Bacon & Hinton, 2002 T were sequenced using a MiSeq DNA sequencer using the MiSeq V3 2Â300 sequencing kit following the manufacturer's suggested protocols. The resulting reads were quality trimmed to the Q30 confidence level. The draft genome was assembled using CLCbio Genomics Workbench 8.0 (Qiagen) using default parameters. Genome comparisons and alignments for phylogenetic trees were made using BIGSdb software (Jolley & Maiden, 2010) .
Digital DNA-DNA hybridizations (DDH) were determined online at http://ggdc.dsmz.de/distcalc2.php using the Genome-to-Genome Distance Calculation (GGDC) version 2.0 as described by Meier-Kolthoff, et al., 2013 . The estimated DDH values were calculated using formula two at the GGDC website, originally described by Auch, et al., 2010 and updated by Meier-Kolthoff, et al., 2013 . OrthoANI values and the corresponding tree were calculated using OAT software v. 0.93 (Lee et al., 2015) . Phylogenetic analyses were conducted using MEGA version 6.06 (Tamura et al., 2013) . Neighbour-joining trees were reconstructed using the Tamura-Nei model (Tamura & Nei, 1993 ) with a gamma correction (alpha value=0.5); this model was chosen on the basis of the likelihood test implemented in MEGA 6.06. A total of 1500 bootstrap pseudoreplications were performed in order to gauge support for internal nodes.
The draft genome of Bacillus axarquiensis NRRL B-41617 T was assembled and yielded 25 contigs with a total length of 4 091 457 bp at 58Â coverage and 43.8 % DNA G+C content. The draft genome of Bacillus malacitensis NRRL B-41618
T was assembled and yielded 25 contigs with a total length of 4 205 279 bp at 69Â coverage and 43.5 % DNA G +C content. While the draft genome of Brevibacterium halotolerans ATCC 25096
T yielded 14 contigs with a total length of 4 072 732 bp at 52Â coverage and 43.8 % DNA G+C content. The draft genomes were used to evaluate the similarity of closely related strains using an in silico DDH determination (Table 1) T all had pairwise in silico DDH values !92.5 %, which is well above the threshold of 70 % for species delineation (Wayne et al., 1987 (Wang et al., 2007) . In the original descriptions of Bacillus axarquiensis and Bacillus malacitensis, their DDH values when compared with Bacillus mojavensis were lower than 46.9 % (Ruiz- García et al., 2005) . In addition, average nucleotide identities (ANI) were determined for these strains (Fig. S1 , available in the online Supplementary Material). The results were similar to the DDH results, with Bacillus axarquiensis NRRL B-41617 T , 
Bacillus malacitensis NRRL B-41618 T and Brevibacterium halotolerans ATCC 25096
T all having pairwise ANI values !99.1 %, which is well above the threshold of 95-96 % for species delineation (Goris et al., 2007; Lee et al., 2015; Richter & Rosselló-Móra, 2009 ). Meanwhile, the ANI between the three conspecific strains and Bacillus mojavensis was on the species boundary with OrthoANI values of 95.6-95.8 %. To confirm we were using the same strains as earlier studies, we extracted the 16S rRNA gene and gyrB gene sequences from the genomes and compared them. Our strains shared 100 % sequence similarity with those reported by Wang et al. (2007) for 16S rRNA and gyrB genes. The 16S rRNA genes reported in the original description of Bacillus axarquiensis and Bacillus malacitensis contained multiple insert-deletion mutations in the ends of the gene ( Figure S2) , we performed comparative genomics on the annotated genomes. The draft genomes were annotated using the RAST server using default parameters (Overbeek et al., 2014) . We determined the core genome shared between the three conspecific strains, but not found in the genome of Bacillus mojavensis KCTC 3706 T . The results identified 147 genes, covering 171 kbp and~4.1 % of the genome, unique to these strains (Table S1 ). The most notable observations were a large bacillaene cluster (Baxa0067-Baxa080), a b-glucosidase-specific phosphotransferase system (PTS) (Baxa045-Baxa050) and a Nep1-like protein (Baxa097). Bacillaene is an antibiotic that is active against a broad spectrum of bacteria and was originally isolated from the fermentation broth of a Bacillus subtilis strain (Patel et al., 1995) . The 72.4 kb gene cluster was originally characterized from a Bacillus amyloliquefaciens strain (Chen et al., 2006) . Bacillaene was recently reported to be important to spore survival in Bacillus subtilis (Müller et al., 2014 T was negative (Fig. 2) . The presence of a b-glucosidase-specific PTS cluster suggests an adaptation to utilize b-glucans, such as cellobiose, laminarin or lichenan. While the Nep1-like gene (necrosis and ethylene-inducing protein) causes necrosis on dicot plant leaves and is commonly found in fungal and bacterial plant pathogens (Bailey, 1995; Pemberton & Salmond, 2004 ). This suggests that this clade has a plant-associated lifestyle. We also performed a reciprocal analysis to determine the genes found in (Table S2 ). While many of the ORFs were annotated as hypothetical proteins, there were some notable observations. There were genes associated with glycosylation of flagella (Bmoj021-027) and collagen adhesion protein (Bmoj018), which are likely involved 
B. velezensis NRRL B-41580 T (LLZC01)
B. amyloliquefaciens DSM 7 T (FN597644) Fig. 1 . Phylogenetic tree reconstructed from the core genomes of selected type strains of species from the Bacillus subtilis group (350 genes). This tree is a subtree from a tree of all strains in the Bacillus subtilis group. Bootstrap values >50 %, based on 1500 pseudoreplicates are indicated on branch points. Bacillus coagulans was used as an outgroup (not shown). Bar, 0.05 nucleotide substitutions per site.
in host interactions (Danne & Dramsi, 2012; Morrison & Imperiali, 2014) . Enzymes were found which utilize specific compounds, such as cynate permease (Bmoj060) and a xylanase (Bmoj128). Bacillus mojavensis KCTC 3706 T also contained a lantibiotic cluster, which most likely makes an antibacterial (Bmoj116-120).
To better understand the phenotype differences between these strains, we reviewed the literature of previously reported phenotypes (Ruiz-García et al., 2005; Wang et al., 2007) and performed some additional tests (Biolog and fatty acid analysis). All strains were cultured overnight on Biolog universal growth plates and prepared according to manufacturer's instructions for the GEN III MicroPlate test panel using protocol A (Biolog). The experiment was run in triplicate. Fatty acid analysis was carried out using the MIDI protocol (Microbial Identification) and analyzed on an Agilent 7890 Gas Chromatograph. The strains were grown for 24 h at 28 C on TSA (BD Difco) and prepared using the standard MIDI protocol. The fatty acid analysis showed that Bacillus mojavensis and the three conspecific strains contain predominantly 15:0 iso, 15:0 anteiso, 17:0 iso and 17:0 anteiso fatty acids (Table S3 ). The fatty acid profiles lack the ability to differentiate the strains on a species basis. The biolog data (Table S4 ) and literature review provided several differentiating characteristics (Table 2) . Morphologically, the spores of Bacillus mojavensis were described previously as ellipsoidal and centrally or paracentrally located in unswollen sporangia (Roberts, et al., 1994) . While the spores of Bacillus axarquiensis were described as ellipsoidal and subterminally located in unswollen sporangia (Ruiz-García et al., 2005) . To determine if the spore position was a distinguishing phenotype, we evaluated the spores of these strains on 1/10 TSB ( BD Difco) + 5 mg MnSO 4 l À1 at 28 C and checked daily. Spores were heatfixed and stained using Schaeffer-Fulton stain and evaluated using light microscopy. Our observations confirmed that the spores of Bacillus mojavensis were ellipsoidal and centrally or paracentrally located in unswollen sporangia (data not shown), which was consistent with the literature (Roberts, et al., 1994) . On the other hand, we observed the spores of Bacillus axarquiensis to be ellipsoidal and primarily centrally or paracentrally located, although with some located subterminally, in unswollen sporangia (Fig. S3) . These results indicate that spore morphology is not a distinguishing characteristic. To bring the description of Bacillus axarquiensis in line with the minimal standards for describing aerobic endospore-forming bacteria (Logan et al., 2009 ), we completed cell-wall diagnostic diamino acid determination using the method of Hasegawa et al. (1983) . The cellwall peptidoglycan contained meso-diaminopimelic acid. Growth under anaerobic conditions was determined on anaerobic agar (Difco) at 37 C using a GasPak jar (<1 % O 2 ; !13 % CO 2 ) (Merck) for 7 days. Bacillus axarquiensis NRRL B-41617 T was facultatively anaerobic.
In conclusion, the whole genome data conclusively demonstrates that Bacillus axarquiensis (a.xar.qui.en¢sis. N.L. adj. masc. axarquiensis pertaining to Axarquia, the Arabic name for the region surrounding the city of Malaga in southern Spain).
The description is the same as given by Ruiz-García et al. (2005) , except for the following traits. Representatives of the species contain the gene cluster to produce bacillaene. The type strain is facultatively anaerobic. Sporangia are ellipsoidal and primarily centrally or paracentrally located, although with some located subterminally in unswollen sporangia. The cell-wall peptidoglycan contained meso-diaminopimelic acid. The DNA G+C content of the type strain is 43.8 mol%.
